ABSTRACT
A profile of exon-intron lengths in genes shows a normal distribution. This observation suggests that different genes may have portions of their total exon and/or intron lengths in common. In order to explore the common exonintron structural patterns that may arise due to common lengths across genes, we compared the exon-intron length patterns of annotated human genes. We discovered 1762278 conserved arrangements of exon-intron length across the otherwise unrelated and diverse genomic landscape. The existence of common exon-intron length patterns across unrelated genes suggests for their role of in gene assemblage and human genome design and architecture.
INTRODUCTION
The boundaries between exons and introns are blurring (1) . Researchers have shown how dynamic the genome is and how the repetitive elements of so-called junk DNA are actually, as Makalowski puts it, "a genomic treasure" and "a source of 'ready-to-use-motifs' " increasing an organism's evolutionary flexibility (1) . The structural and functional properties of DNA change as a function of its nucleotide composition. The human genome has been described as exon islands in a vast sea of introns (2) . The size and prevalence of introns (about 25%) in more complex organisms suggests that introns could be important functional elements in large genomes (3) . In order to understand the structure and evolution of genes and genomes, it is important to know the general statistical characteristics of the exon-intron structures. The first compilation of exon-intron structures in eukaryotic genes was published by Hawkins in 1988 (4) . Since then many disparate reports have been presented and the use of patterns in exons and introns to understand gene structure is becoming increasingly ubiquitous. Also, the sequential arrangement of coding (exons) and non-coding (introns) regions is of particular interest from a biological viewpoint in revealing essential details necessary for understanding the assembly of the spliceosome and the splicing process in general. Recently, it was reported that different genes have portions of their total exon-intron sequential structure in common. The analysis reported more than 200 patterns of length 2 (length 2 implies a block of exon and an intron) or greater among the 72 human genes (5) . The data is novel and needs further analysis at genome level. Exploration of such patterns at the genome level will confirm their factual nature and provide clues to their role in genome design and gene architecture. Due to the size and complexity of human genes, it has not been possible in the past to determine whether common exon-intron size patterns exist among different genes by visual inspection. Our goal in this exploration is to get a list of all such conserved patterns of length two or more and to compare the exon-intron patterns across the human genome landscape representing the length of the exons and introns as integers while ignoring the underlying nucleotide sequence (5) . This allows us to study the distribution of exon-intron blocks in human genes to determine whether one can detect the reuse of exon-intron sequences and to use the frequency of such reuse to estimate how many ancestral exon-intron block sequences there might have been. This study is imperative for the theoretical study of the origin and evolution of genes and genomes. These findings could help improve gene structure prediction by computational methods by providing better understanding of factors that govern genome assemblage and design.
MATERIALS AND METHODS
The exon-intron structure of human genes was obtained from human genome data downloaded from NCBI build 34 and AceView (http://www.ncbi.nlm.nih.gov/AceView/) database (6) . The length, in nucleotides, for each exon or intron was alternately entered as an element of an array representing the structure of that gene. The arrays were indexed such that the first element was designated exon (starting at '0'), the second element as intron, and so on. This scheme resulted in the exons residing in the even numbered elements of the array and the introns residing in the oddnumbered elements of the array. The array representing the exon-intron structure of the human FUCA1 and ADH5 gene is presented in Table 1 . Pair wise comparisons of 27115 human genes (246632 exons and 218575 introns) were performed. This involved 7.35 X 10 9 gene pair comparisons. Each of the 'exon and the subsequent intron' or 'intron and subsequent exon' which we call a "block of length 2" from each gene was compared to other "blocks of length 2" from all annotated genes throughout the database, to identify pairs of genes that have at least one block of length 2 matched in length (99% similar in length). The lengths were extracted based on CDS feature as described earlier (7) . Extensions of block lengths from 3 to >25 were computed and tabulated ( Table 2 ). The identified pairs were further categorized into subgroups based on the start of the match with exon or intron, and whether the genes are on the sense or anti-sense strand (Table 3) . Redundancy in blocks of length 2 to >25 was computed (at 99% of components length) to identify pairs of unique length patterns ( Table 4) . Each of the entries from genome data were matched with corresponding Aceview entry by using Gene name and the exon/intron lengths were identified in any of the splice variants in Aceview and the lengths were categorized as confirmed components. AceView is a database that offers an integrated view of the human genes as reconstructed by alignment of all publicly available mRNAs and ESTs on the genome sequence. These confirmed components were mapped back onto the initial pool of blocks of length 2 to >25 so as to identify the pairs that have Aceview validated block lengths (Table 4) . A dataset on new patterns of blocks of length 2 from higher block lengths were generated and categorized (Table 5) . Similar analysis was performed to identify unique blocks of length 3 and tabulated (Table 6 ).
RESULTS & DISCUSSION

From pieces to patterns by retroposition
The Human genome contains 246632 exons and 218575 introns from 27115 gene sequences (build 34 version 3.0). 1762278 patterns of "blocks of length 2" were identified across the genomic landscape that had at least 1 exon and 1 intron length in common (99% similar in length ). Distributions of the total number of pairs based on the number of matched exon-intron lengths they contain show a wavelet distribution ( Figure 1 ). The number of genes that share blocks of length 3 is 16380, this number decreases to 637 when the block size is 4 and then increases again to 1335 for 5 ( Table 2 ). This pattern is observed in both the sense and the anti-sense strand (Table 3) . Such alternate patterns suggest that odd number pairs are more frequent than even number pairs. This suggests that similar components are more preferred at the boundaries. For example, it is more frequent to find a block of length 5 with exon-intron-exon-intron-exon than to find a block of length 4 e.g. exon-intron-exon-intron. Also, pairs beginning with an exon and ending in exon were found to be more frequent than the ones beginning with introns and ending with introns (Table 3) . Though, the dynamics of coding regions are expected to be more correlated with functional complexity and diversity than are the dynamics of noncoding regions, it suggests that the dynamics of coding regions are not independent of non-coding regions. However, the possible reasons for such occurrences are obscure.
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coding regions are not independent of non-coding regions. The view is further validated by the observations on function of introns (8) . The data implies on the role of segmental gene duplications in genome evolution (9) and also confirms that gene duplication on the same chromosome is prevalent than inter-chromosomal gene duplication (10) .
Because of several confounding aspects such as domain shuffling, the existence of isoforms derived from alternative splicing, and annotation errors in the databases detecting duplicate genes in a genome is not a simple task.
To test if length patterns of blocks could help identify duplicate genes we explored the minimum number of blocks required for two genes to have the same gene name. It is interesting to see that genes that share blocks of length 10 or more have same gene name >85% of the time (Table  2 ; Figure 3 ). These results suggest that exon lengths and intron lengths play a significant role in gene assembly and function. A distribution profile on the number of matched pairs (total # of blocks identified) on each chromosome identified chromosome 16 and chromosome 19 with maximum number of hits (Figure 4 ). Both of these chromosomes are reported as duplication rich with highest number of segmental duplications (11) (12) . Chromosome 19 is also notable for the prevalence of duplication structures such as tandemly clustered gene structures. These findings are thus complementary to previous reports and present a new method for identification and detection of duplicate genes. On average a human gene usually has 10 exons (13). The presence of exon-intron pairs (blocks of length 2) of almost identical length but of dissimilar base sequence in numerous locations throughout the human genome supports the idea that introns are the result of propagation by replicative transposons or retrotransposons as suggested by Roger et al. (14) . If this is the case they should be expected to maintain similar lengths, while diverging in their base sequence. The existence of such patterns suggest on the repeated replication of mobile elements within the genome.
From pieces to patterns and gene assemblage
The modular view of evolution suggests for the assembly of new genes from copies of pieces of various older genes, rapidly building new functions from a novel collection of already reliable parts. By analyzing the structure of genes at the genome level, it should be possible to discern the ancient blocks within. To test this hypothesis we derived a unique set of blocks of length 2 present in different blocks lengths (length 3 to length >25). The number of unique patterns identified for a block of length 2 is 206756 and for a block of length 3 is 10417 (Table 4) . This indicates that blocks of length 2 provide maximum number of pieces for gene assemblage and probable functional diversity. We further proceeded with identification of unique length patterns of blocks of length 2 and 3 among the higher block lengths 3 to >25 and 4 to >25, respectively (Table 5 and Table 6 ). 16373 blocks of length 2 were identified in blocks of length 3, however, 16089 of them (~98%) are previously covered in blocks of length 2. So the new patterns of blocks of length 2 identified in block length 3 are 284 (Table 5) . A complete analyses from block lengths 3 to >25 reveals that there are 62284 unique blocks of length 2 as the initial set and there are only 4406 new patterns of blocks of length 2 in blocks of length 3 or more. This suggests that >90% of the patterns contributed by blocks of length three or more are already represented in the initial pool of block of length two. These numbers support the idea of reuse of pieces and gene assemblage from a pool of building blocks. Furthermore, more than 40% of these blocks of length 2 in higher block lengths are verified in Aceview. This confirms for an initial unique pool of smaller blocks or pieces (blocks of length 2) that are probably the building blocks for genes. These pieces could have perhaps been recruited in a combinatorial fashion to mix and match and give rise to new genes and build up the lengthy chains that make longer genes with novel functions. To rule out the possibilty of bigger blocks as initial building blocks, we repeated the analysis for blocks of length 3. It was interesting to see that only ~5-20% of the patterns contributed by blocks of length four or more are already represented in the initial pool of block of length three, thereby re-confirming our findings (Table 6 ). These results show that duplication has played a vital role in the evolution of new gene functions and evolution is a tinkerer that re-recruits pieces at its disposal rather than repeatedly starting from scratch.
CONCLUSION
The exon-intron length patterns of annotated human genes were examined and they revealed common structural patterns (1762278 conserved arrangements of exon-intron length) within the human genome. Exploration of the blocks of variant length shows interesting data highlighting their occurrence by retroposition and suggesting their possible role in gene assemblage. The results support the process of creating new combinations of exons by recruitment of pieces of exons/introns and creation of present-day gene architecture in the human genome. We conclude that the modular protein evolution by exon-shuffling and retroposition are the probable processes that have contributed significantly to human genome design.
CAVEATS
As this analysis is strictly based on CDS feature in genome data, it does not take into account the first exon and is biased towards internal coding exons of the gene. Nonetheless, this analysis hints at the possible role of noncoding DNA in genome architecture and design and provides a platform for understanding the human genome and issues in gene evolution. This stringent criterion of 99% length match excluded many interesting patterns but also ensured that the remaining ones were genuine and potentially biologically significant.
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